Acute graft-versus-host disease (A-GVHD) is characterized by a strong inflammatory reaction of the graft against the recipient, mainly in the skin, the intestine and the liver. The gastrointestinal manifestation of the disease is characterized by nausea, vomiting, abdominal cramps and diarrhea with extensive fluid loss. Histologically, diagnosis of A-GVHD in colonic biopsies is characterized by crypt abscesses and epithelial apoptosis [1] . Pathophysiologically, A-GVHD is described as a three-stage model with activation of antigen presenting cells in the host, donor T-cell activation and target tissue destruction [2] . Within this model barrier dysfunction with translocation of microbial products and luminal antigens is thought to be a major perpetuating factor and a major cause of the "cytokine storm" through immune activation [3] . However, epithelial barrier function in A-GVHD may not only be relevant for the pathophysiology of immune activation but also for the pathomechanism of diarrhea in this disease. Therefore, we investigated the epithelial barrier function in human biopsies ex vivo in Ussing-type chambers with subsequent molecular characterization of potential pathomechanisms.
In this study, 22 patients with diarrhea and clinical suspicion of intestinal GVHD after bone marrow transplantation underwent sigmoidoscopy at the Charité-Universitätsmedizin Berlin. Infectious causes for symptoms were previously ruled out including stool analysis for Clostridium difficile toxin and whole blood CMV-PCR and immunohistochemistry of biopsies. Diagnosis of A-GVHD was made from histological biopsies in 16 patients (A-GVHD; grade I: n = 6, grade II: n = 8, grade III: n = 1, grade IV: n = 1). The remaining six patients without histopathological diagnosis of GVHD served as a further control group (no GVHD). A group of 15 patients which underwent endoscopy within this period of time for tumor exclusion without signs of pathology served also as controls (control). All patients gave their written consent for taking biopsies for scientific purpose and the study was approved by the local ethics committee of the Charité Berlin (229-32). A miniaturized Ussing-type chamber was used for impedance spectroscopy. This technique can differentiate the epithelial and subepithelial portion of the transmural electrical resistance [4] . Paracellular permeability was determined by 3 H-Mannitol flux. For macromolecular flux the transcellular passage of horse radish peroxidase (HRP; 44 kDa; Sigma-Aldrich) was analyzed in six consecutive patients with A-GVHD grade I/II. Tight junction protein expression was analyzed by Western blotting. For cryosections, tissues were fixed with 2% paraformaldehyde. Antibodies were rabbit anti-claudin-2, rabbit anti-occludin, mouse anti-claudin-5 (Life Technologies GmbH, Darmstadt, Germany) and mouse anti-ZO-1 (BD Biosciences, San Jose, CA). Secondary antibodies were Alexa Fluor 594 goat anti-mouse or rabbit IgG and 488 goat anti-rabbit or mouse IgG (Molecular Probes, Eugene, OR). Nuclei were counterstained with DAPI. Images were obtained with a confocal laser scanning microscope (Zeiss LSM 510 Meta, Jena, Germany). Results are given as means ± SEM.
Differences between groups were tested by one way analysis of variance with Bonferroni-Holm post hoc test.
Representative original impedance locus plots of colonic specimens from a patient suffering from A-GVHD (grade II) and a control patient are shown in Fig. 1a . Electrophysiological data of the colonic biopsies revealed a decrease in transmural wall resistance (R t ) in patients suffering from A-GVHD compared to controls (29 ± 4 vs. 45 ± 3 Ω cm 2 ; p < 0.01). In further analysis using impedance spectroscopy this decrease turned out to be due to a decrease in epithelial resistance (R epi ), whereas the subepithelial portion (R sub ) remained unchanged (data not shown). R epi was decreased compared to healthy controls (control), as well as compared to patients with bone marrow transplantation without evidence of A-GVHD (no GVHD; Fig. 1b ). Colonic permeability as measured by mannitol flux was found to be markedly increased in A-GVHD (Fig. 1c) . To evaluate the permeability to larger molecules passage of HRP was used as a marker of transcytosis. To exclude passive diffusion artifacts, only biopsies without endoscopic or histological gross lesions were used for this analysis. Consequently, there was a non-significant reduction in transmural resistance in this subgroup. However, this group showed a sharp increase in HRP flux compared to control patients (Fig. 1d) .
Because of the reduction in R epi in the colon of A-GVHD patients, we went on to analyze the biopsies for changes in tight junction proteins. The expression level of the tight junctional proteins occludin, tricellulin, claudin-1 and claudin-3 to claudin-7 were unchanged (data not shown). Interestingly, claudin-2, a channel-forming protein, was detectable only in severely inflamed tissue but not in controls (Fig. 2a) . To analyze the subcellular distribution of claudin-2 we performed immunohistology showing a proper integration into the tight junctional strand complex as indicated by a merge of the claudin-2 immune reactivity and ZO-1 (Fig. 2b) . Furthermore, claudin-5, a sealing tight junction protein, showed redistribution from the tight junctional strand complex to a more basolateral staining in patients with A-GVHD (Fig. 2c) . However, there was no Fig. 2a) .
Epithelial apoptosis is considered the histological hallmark of A-GVHD. Therefore, we quantified epithelial apoptotic ratio in histological sections by activated caspase-3 staining. We found a fourfold increase in epithelial apoptosis in A-GVHD compared to controls (Fig. 2d) .
For A-GVHD, data on epithelial barrier properties are available exclusively from in vivo permeability tests with, e.g., saccharides of different size which have distinct drawbacks in regard to the identification of inherent pathomechanisms and false positive results. In this study, we were able to directly demonstrate colonic barrier dysfunction in A-GVHD patients using an established ex-vivo biopsy model. Furthermore, changes in the assembly of the tight junction molecules and the increase in epithelial apoptosis were the structural basis of this dysfunction.
The first interesting finding was the increased expression of claudin-2 in severe A-GVHD. Claudin-2 is a cation and water channel-forming tight junction protein [5, 6] . The upregulation of claudin-2 has been shown to be caused by proinflammatory cytokines like TNFα and interleukin-13 [7, 8] .
Similarly, these proinflammatory cytokines are also upregulated in A-GVHD and may induce claudin-2 expression in these patients [9, 10] . In contrast, claudin-5 is a sealing tight junction protein [11] . Interestingly, there was no change in immunoblot in A-GVHD but using confocal laser scanning microscopy, we observed redistribution of claudin-5 to the basolateral membrane where it is functionally inactive, a phenomenon that has also been described in patients with active Crohn´s disease [12] . Besides tight junctional changes, up-regulated epithelial apoptosis is another major reason for the barrier dysfunction in A-GVHD. In principle, epithelial apoptosis represents a leak with significant conductivity and therefore contributes to barrier dysfunction for ions [13] . The fact that epithelial apoptoses are functionally relevant for the barrier dysfunction in A-GVHD is further supported by the work of Brown et al. who showed in an animal model that inhibition of TNF-alpha ameliorates not only colonic inflammation with subsequent reduction in epithelial apoptosis but also the elevated intestinal permeability and diarrhea [9] .
From our short circuit current data, there was no direct evidence for an activation of active secretory transport processes in A-GVHD (data not shown). Therefore, we conclude that leak-flux diarrhea as the result of a disturbed epithelial barrier is the prominent diarrheal mechanism in A-GVHD.
Besides the increased permeability for ions we also observed an increased macromolecular passage in A-GVHD. Bacteria-derived lipopolysaccharides are thought to play a major role in perpetuating the immune activation in A-GVHD. Evidence for this hypothesis comes e.g., from a mouse model, where LPS antagonization improved histological and clinical A-GVHD score and improved survival in this group [14] . Translocation of lipopolysaccharides is thought to be due to a "leaky barrier". However, the precise route of LPS permeation is not known. To examine the potential uptake of larger antigens in A-GVHD we used horse radish peroxidase (HRP, 44 kDa). HRP is usually considered not to pass through epithelial apoptotic extrusion sites but to be a marker of gross lesions in the epithelium and to cross the epithelium also transcellularly (via endocytotic uptake) [15] . To exclude gross lesions with consequent passive uptake of HRP we studied a subgroup of patients with early A-GVHD without gross lesions and found a significantly increased HRP permeability. Interestingly, this was highly significant already in early stages of A-GVHD, where the transmural resistance was still not significantly altered, again supporting the concept of a transcellular uptake pathway for HRP.
In conclusion, this small descriptive study in human colonic biopsies shows intestinal barrier dysfunction in acute GVHD. These correlations support the concept of barrier dysfunction to be relevant in the pathogenesis of A-GVHD as well as a role for a leak flux mechanism as important pathomechanism of diarrhea.
